. Thorax, 29, [673] [674] [675] [676] [677] . Central haemodynamics during oxygen breathing in angina pectoris. The haemodynamic effects of breathing 100 % oxygen have been studied by right heart catheterization at rest and during bicycle exercise in nine male patients with coronary heart disease. Oxygen breathing produced no significant haemodynamic benefit during angina pectoris induced by physical exercise, although at rest a reduction in heart rate and cardiac index was evident. The favourable effects of 100% oxygen breathing described in pacing-induced angina pectoris cannot therefore be transferred to exercise-induced angina probably because the myocardial blood flow during the latter condition is hampered by an increased left ventricular end-diastolic pressure.
Angina pectoris is thought to arise from hypoxia of the myocardium caused by a temporary discrepancy between the oxygen supply and demand (Keefer and Resnik, 1928; Friedberg, 1966; Harrison and Reeves, 1968) . Oxygen breathing ought to increase the pain threshold in angina pectoris provided this form of treatment effects an increased supply of oxygen to the myocardium. On the other hand, hyperoxygenation has been shown to reduce tissue blood flow as a result of an increase in the precapillary sphincter tone (Martini and Honig, 1969 ). An attempt to improve tissue oxygenation by increasing the arterial oxygen tension may thus be counterbalanced by a reduction in blood flow on account of the pharmacological effects of oxygen (Thomas, 1968) . Russek, Regan, and Naegele (1950) did not find any beneficial effect of oxygen breathing on the pain threshold in exercise-induced angina pectoris. On the other hand, Horvat et al. (1972) recently demonstrated a favourable effect of oxygen breathing on the pain threshold in angina pectoris induced by atrial pacing. With these seemingly incompatible findings in mind we examined the effects of oxygen breathing on the central haemodynamics in patients with coronary heart disease at rest as well as during angina pectoris induced by exercise.
SUBJECTS AND METHODS
Nine male patients between 46 and 59 years of age were studied. All had typical clinical, electrocardiographic, and coronary angiographic signs of coronary heart disease. The average exercise tolerance in the upright position was 475 + 175 kpm/min and in the supine position was 311 ± 122 kpm/min (kpm = kilopondmeter, 100 kpm/ min = 16 W). The difference: 170 kpm/min agrees with previous observations (Lecerof, 1971) . Six patients were studied as a part of a preoperative evaluation before undergoing surgery aimed at improving their myocardial blood supply. Three patients were studied as part of a postoperative evaluation one year after internal mammary implantation (Vineberg, 1946) . None of the patients had signs of congestive heart failure, rheumatic heart disease or hypertension. The investigations were made in the morning when the patients were in the postabsorptive basal state. Right heart catheterization was performed with a double lumen catheter and the brachial artery was catheterized using a percutaneous technique. Cardiac output was measured by the indicator dilution technique using bromsulphalein (Wassen, 1956 ) injected into the right atrium via a separate catheter. Capacitance transducers (EMT 34) and a Mingograph 81 (Siemens-Elema AB, Stockholm, Sweden) were used for recording the pressures. The patients were studied in the supine position. Exercise tests were performed on a bicycle ergometer (Siemens-Elema AB, Stockholm, Sweden). Arterial pH, oxygen, and carbon dioxide tensions were measured with conventional electrodes (Instrumentation Laboratory Inc., Boston, Mass., USA) and oxygen contents were calculated from the Severinghaus' nomogram (Severinghaus and Bradley, 1958) Table I ).
Left ventricular stroke work index per minute (LVSWImin) was calculated according to the following formula, expressed in kgm/min/m2 BSA: LVSWlniin = HR X SVI (PBA-PPCV) X 13-6
The patients were first examined at rest and then during an exercise test that provoked tolerable angina pectoris. When the exercise test was completed, the patients were allowed to rest for 1 hour. The patients were then examined again at rest and the exercise test was repeated at the initial work load. Air or oxygen breathing preceded the measurements at rest for at least 20 minutes and was continued throughout the exercise test. Alternate patients started with either air of oxygen breathing.
RESULTS
AT REST As is evident from Table I , oxygen breathing at rest caused a decrease in heart rate (d = -6-3 beats/min, P < 0'01) and cardiac index (d = -0 5 1/min/m2 body surface, P < 0 05). The pulmonary artery pressure, the mean capillary venous pressure, and the pulmonary vascular resistance were unchanged, as were the mean systemic arterial pressure and the systemic vascular resistance. In spite of reductions in heart rate and cardiac index no significant reduction in the LVSWImin was found. Oxygen breathing affected the blood gases and pH at rest in the following way. The arterial 02-tension rose to an average of 604 mmHg. In mixed venous blood a conspicuous increase of oxygen tension was observed (d = 8-9 mmHg, P < 0-001) with a slight decrease in pH (d = -0-02, p < 0'05), while the carbon dioxide tension did not change significantly.
DURING EXERCISE No significant changes of heart rate or cardiac index were recorded and, except for a slight reduction of the systemic arterial blood pressure, no haemodynamic changes were observed during exercise with oxygen breathing as compared to air breathing. The arterial oxygen tension rose to 587 mmHg during oxygen breathing, while the arterial carbon dioxide tension showed a slight increase (d = 3 9 mmHg, P < 0 05), but the pH remained unchanged. In mixed venous blood an increase of oxygen tension was seen (d = 6-6 mmHg, p < 0-001) as well as an increase of carbon dioxide tension (d = 5-1 mmHg, P < 0 05) and a decrease of pH (d = -0 03, p < 0 05).
Seven out of nine patients experienced chest pain at identical levels of exercise irrespective of inhalation ofair or pure oxygen. Two patients who breathed oxygen at the second exercise period managed another 150 kpm/min for three to four minutes before characteristic chest pain developed.
DISCUSSION
Catheterization studies in angina pectoris usually demonstrate abnormal left ventricular function (Cohn and Gorlin, 1972) . The rise in left ventricular filling pressure with subnormal increases in stroke volume and cardiac output had by some authors been interpreted as signs of left ventricular failure (Muller and Rorvik, 1958; Malmborg, 1965; Parker, Di Giorgi, and West, 1966) , while others have claimed a change of left ventricular compliance as a consequence of myocardial ischaemia (Wiener, Dwyer, and Cox, 1968; Linhart et al., 1969) . In patients with clinical evidence of left ventricular failure oxygen breathing has been shown to diminish cardiac work at rest due to reduced heart rate and cardiac output (Daly and Behnke, 1963) .
In the present study a reduction in heart rate and cardiac output was found during oxygen breathing at rest. Since the arterial blood pressure and the systemic vascular resistance remained unchanged, cardiac work ought to be reduced. Although a decrease in LVSWImin was found in five of eight patients, this decrease was not statistically significant.
In normal individuals an increase in systemic arterial pressure due to vasoconstriction is usually observed during oxygen breathing (Daly and Bondurant, 1962; Eggers, Paley, Leonard, and Karetzky, Keighley, and Mithoefer (1971) .
In (Storstein, 1952; Andersen and f4illestad, 1970) .
This study was not primarily designed to measure the pain threshold during oxygen breathing compared to air breathing. However, in the majority of patients chest pain occurred at identical work loads irrespective of inhalation of air or pure oxygen. Previous investigations have shown contradictory results as regards the influence of oxygen breathing on the pain threshold of angina pectoris during exercise. In one study, exercise tolerance was improved in 11 out of 17 patients (Riseman and Brown, 1939) . In another 'all the patients appeared to tolerate the exercise better and decrease of STsegment depression was noticed in nine of twelve cases ' (Pons and Berg, 1961) . On the other hand, an unchanged pain threshold with unaltered intensity and frequency of angina pectoris was registered during oxygen breathing by Russek et al. (1950) and an aggravation of ischaemic ST-T changes was observed. An increased pain threshold during oxygen breathing and increased left ventricular oxygen uptake have recently been reported in angina pectoris induced by atrial pacing (Horvat et al., 1972) . However, atrial pacing is an artificial way of provoking angina pectoris in which many of the haemodynamic changes accompanying angina pectoris induced by exercise are missing (Bahler and MacLeod, 1971; Holmberg and Vamauskas, 1971 Parker, 1973) . The variability of changes in LVEDP in connection with pacinginduced angina has, however, been stressed (Chandraratna et al., 1973) and an elevation of 3mmHg of the LVEDP between a heart rate of 130 and 150 beats per minute has recently been reported (Balcon, Wilkinson, Walsh, and Rickards, 1974 (Parker et al., 1966; Roughgarden, 1966; Rosland, 1969) . In the present study the mean pulmonary capillary venous pressure rose to an average 26 mmHg during angina pectoris (Table II) .
The myocardial blood flow is to a large extent determined by the pressure gradient between the coronary circulation and the myocardium during diastole (Salisbury, Cross, and Rieben, 1963 of the myocardium. The increased amount of oxygen in the arterial blood during oxygen breathing might therefore not be transported to these ischaemic parts of the heart. Conversely the favourable effect of oxygen breathing on the pain threshold and on left ventricular oxygen consumption in pacinginduced angina reported by Horvat et al. (1972) might be explained by a more even distribution of myocardial blood flow due to the lower LVEDP in pacing-induced angina. It must, however, also be borne in mind that artificial pacing allows a better control of pulse rate and arterial pressure than the induction of angina by effort. Thus, atrial pacing may be a better method of detecting a small benefit of oxygen breathing on the pain threshold in angina pectoris.
